Aim To determine the effects of protein alone (independent of fat and carbohydrate) on postprandial glycaemia in individuals with Type 1 diabetes mellitus using intensive insulin therapy.
Introduction
Postprandial glycaemic excursions are a significant problem for people with Type 1 diabetes mellitus, often despite accurate carbohydrate counting and insulin calculation [1] [2] [3] . Postprandial hyperglycaemia may play an important role in the development of complications of diabetes, even when HbA 1c is in target [4, 5] . The importance of optimization of postprandial glycaemic profiles using intensive insulin therapy has been well established and is the current recommended therapy for people with Type 1 diabetes [6] .
Currently, intensive insulin therapy requires carbohydrate quantification to calculate mealtime insulin doses. This is based on the recommendation that carbohydrate is the main macronutrient influencing postprandial glycaemia [7] . However, studies have demonstrated that protein and fat may also impact upon postprandial blood glucose levels [8, 9] .
Protein-rich meals may result in delayed and sustained postprandial glycaemic excursions and increased insulin requirements in people with Type 1 diabetes [8] [9] [10] [11] . Algorithms to calculate additional insulin for protein have been suggested [12] , however, studies have indicated an increase in the frequency of postprandial hypoglycaemia with their use [10, 13] .
To date, protein has been studied only as a component of mixed meals. No published studies of the glycaemic impact of only protein in individuals with Type 1 diabetes were found. The objective of this study was to determine the postprandial blood glucose dose-response curves to varying amounts of protein, independent of carbohydrate and fat.
Patients and methods
We conducted a within-subject repeated measures randomized crossover trial involving the provision of test drinks containing varied amounts of protein and glucose. The study was conducted across two centres in Newcastle, Australia. Eligibility criteria included age 7-40 years (inclusive), HbA 1c ≤ 69 mmol/mol (8.5%) (Primus PDQ A1c Analyzer; Primus, Kansas City, MO, USA), Type 1 diabetes present for ≥ 12 months and using either insulin pump therapy or multiple daily injections (≥ 4 injections daily) for ≥ 6 months with a healthy BMI, defined as 18.50-24.99 for adults [14] and ≤ 91st percentile for children and adolescents [15] . Participants were recruited from the John Hunter Children's Hospital and the Aim Diabetes Management Centre. Exclusion criteria included medical comorbidities and complications of diabetes. Ethics approval was obtained from Hunter New England Research Ethics Committee and the University of Newcastle Human Research Ethics Committee. Written informed consent was obtained. The study was registered with the Australian New Zealand Clinical Trials Registry (ACTRN12513000215729).
To determine protein loads that would be representative of protein-rich meals, we conducted a web-based analysis of popular steak restaurant menus in London, UK on travel website Trip Advisor [16] . A 300 g grilled beef rump steak (containing~90 g protein) [17] was offered on 17 menus. A further nine menus offered ≥ 400 g steaks (~120 g protein) [17] , whereas an 850 g steak was offered on one menu.
Study procedure
Participants were contacted daily for one week by a credentialed diabetes educator, to review blood glucose levels, ensuring that 24 h targets were met. If fasting glucose levels were > 13 or < 3.6 mmol/l prior to the test drink, participants were instructed to treat as per usual management and the study day excluded and repeated.
Test drinks were administered in a randomized order 4 h post evening meal, over 8 days without insulin. Participants were randomized to the order of treatment using an eight by eight Latin square design. Randomization was achieved using Proc Plan in the SAS Statistical Software package (SAS Institute Inc., Cary, NC, USA).
The evening meal was standardized for amount and type of carbohydrate, fat and protein. Insulin was given as per individual insulin/carbohydrate ratios. Participants fasted for 5 h following test drinks and activity was standardized. Participants were contacted daily to ensure adherence to protocol. Insulin pump therapy infusion sites were changed second daily.
Test drinks
Pre-measured test drinks of protein and glucose powders were provided to participants in sealed bags and blended with 150 ml water. Powder was weighed using Salter kitchen scales (model 323; Salter, Tonbridge, UK) (error AE 1 g).
In addition to the menu analysis, protein loads were based on the Pankowska fat-protein unit (FPU) algorithm [12] where additional insulin is calculated for every 100 kcal of fat and/or protein (25 g of protein). Protein loads were 0 kcal (0 g), 50 kcal (12.5 g), 100 kcal (25 g), 200 kcal (50 g), 300 kcal (75 g) and 400 kcal (100 g); glucose loads were 10 and 20 g. The glucose and water drinks were included as reference meals for comparison.
Protein drinks were made using 100% pure whey isolate protein powder (27 g protein, 0 g lipid, 0 g carbohydrate per 30 g) Isolyze TM (Species Nutrition, Westbury, NY, USA). Glucodin powder (5 g glucose, 0 g protein and 0 g lipid per 5 g) was used for glucose drinks (Valeant Pharmaceuticals Australasia, Rhodes, NSW, Australia).
Glucose measurement
Continuous glucose monitoring was used (Dexcom G4 Platinum, Inc., San Diego, CA, USA). The sensor was inserted in the abdominal subcutaneous tissue 24 h prior to study commencement to avoid potential bias from suboptimal continuous glucose monitoring performance on day 1. Participants were instructed to enter two blood glucose levels daily into the monitor for calibration. On completion of the study, continuous glucose monitoring data were downloaded using Dexcom studio data system (Dexcom Inc.).
Statistical analysis
A sample size of 32 was determined to provide 80% power at the 5% significance level to detect a potential mean differ-
What's new?
• This research looks at the postprandial glycaemic impact of dietary protein alone, without carbohydrate or fat, in people Type 1 diabetes mellitus.
• Thirty-two subjects were recruited; 16 were < 18 years of age.
• To our knowledge, there are no published studies regarding this.
• The results indicate that large amounts of protein consumed alone cause delayed and sustained postprandial glycaemic excursions 3-5 h after the meal.
• Findings support recommendations to consider additional insulin doses for large amounts of protein. ence in glucose of 2.0 mmol/l at 5 h between protein and glucose loads, assuming a within-person standard deviation of differences in blood glucose levels of 3.1 mmol/l. The standard deviation for the sample size calculation was based on data from our previous published studies [11, 18] . We did not base the sample size calculation on one particular comparison because our overall objective was to examine the potential dose response of a protein meal. The primary outcome measure was the mean postprandial glucose excursion over 60-min intervals (60-120, 120-180, 180-240 and 240-300 min) for 5 h. Secondary outcomes included the mean time to reach maximal glucose level within the 300-min period and the proportion of time the blood glucose level exceeded 10 mmol/l. Glucose excursion data for hypoglycaemic events were not included after the time of the event. Differences in mean glucose excursions over each 60-min interval were tested using generalized linear mixed models to account for repeated measurements on the same subject, with the dataset restricted to the period of interest (e.g. all measures between 180 and 240 min). A model was fitted to the data with blood glucose level excursion as the outcome and categorical predictor variables for meal type and time, with subject included as a random effect. Error terms within subject were assumed to be independent. Generalized linear mixed models were also used to test for differences in time to reach maximal glucose level. Logistic regression within a generalized estimating equation framework was used to determine if there was a difference between meal types in the proportion of times subjects blood glucose level exceeded 10 mmol/l.
Values of P < 0.05 were considered statistically significant. Although we carried out a relatively large number of statistical tests, we have not adjusted the cut-point to determine statistical significance because many of the tests are highly correlated and our main aim is to describe trends in the response profiles of subjects to the different meal types. This is also consistent with our use of 95% confidence intervals (95% CI). Summary statistics for demographic characteristics are presented as counts and percentages for categorical variables and mean AE sd for continuous variables. Effect sizes, such as differences in means, are presented as the effect size of interest with 95% CI.
Results
Thirty-two participants were recruited, with 27 completing the protocol. Three participants withdrew prior to commencement and data from two further participants were excluded due to illness or failure to follow protocol. Sensor failure occurred on four occasions. On each occasion, the sensor was replaced and the day repeated. Incomplete days for hypoglycaemia, illness and failure to follow the protocol were excluded and repeated where possible. Data from all other days were included in the analysis. Recruitment and analysis attrition is presented in Fig. 1 . The baseline characteristics of the 27 participants analysed are presented in Table 1 . Figure 2 presents the mean postprandial glucose excursions by meal type at each time point for the full 300-min study period. There were no significant differences between starting blood glucose values in all participants at the commencement of the study (P > 0.05).
Postprandial glucose excursions
Mean differences in glycaemic excursions from all test meals compared with control are presented in Table 2 . The 20 g glucose drink was the only test drink to produce a statistically significant increased glycaemic excursion from 60 to 120 min compared with control, 1.9 mmol/l (95% CI 1.42-2.51) higher (P < 0.001). The 25, 75 and 100 g protein drinks resulted in significantly lower mean glucose responses between 60 and 120 min [-1.06 mmol/l (95% CI -1.57 to -0.54), -1.10 mmol/l (95% CI -1.63 to -0.57), -1.22 mmol/l (95% CI -1.74 to -0.71)] compared with control (all P < 0.001).
Significant differences in mean glucose excursions between the 75 and 100 g protein drinks and control became apparent from 180 min, with higher mean excursions of 0.71 (95% CI 0.01-1.41) (P = 0.045) and 1.06 mmol/l/l (95% CI 0.40-1.73) (P = 0.002) during the 180-240-min time interval. The glycaemic impact from 75 and 100 g protein was sustained during the 240-300-min interval, with significantly higher mean glycaemic excursions than control [1.65 mmol/l (95% CI 0.93-2.36) for 75 g and 1.72 mmol/l (95% CI 1.04-2.41) (both P < 0.001) for the 100 g protein load].
Glucose levels in the 180-240 and 240-300-min intervals for 75 and 100 g protein were similar to that of 20 g glucose ( Fig. 1 ) (all P < 0.05); however, continuous glucose monitoring profiles suggest an ongoing rise after 5 h for 75 and 100 g protein compared with 20 g glucose. The glycaemic excursions following 25 and 50 g protein did not differ significantly from control over the 300-min study period (Fig. 1) .
There was a statistically significant increase in the odds of glucose levels exceeding 10 mmol/l following 12. 
Mean time to peak glucose rise
The postprandial glycaemic excursion from 20 g of glucose peaked by 60 min and remained at the peak level until 300 min. By contrast, the glycaemic excursion following 75 and 100 g protein did not commence until 90 min, reaching the same level as 20 g glucose close to 180 min. The excursion from 75 and 100 g of protein continued for the 300-min study period and was statistically significantly longer in the 100 g protein group compared with control (P = 0.021). Time to peak blood glucose level over the 
Discussion
This study demonstrated that ≥ 75 g of protein consumed alone causes significantly higher postprandial glycaemic excursions between 3 and 5 h compared with a control drink of water only. As expected, 20 g of glucose produced the earliest peak level compared with other test drinks. Postprandial glucose rose within the first 30 min, peaked by 60 min and was sustained for 300 min. By contrast, following ingestion of 75 and 100 g protein, postprandial glucose decreased from 0 to 90 min and did not begin to increase until between 90 and 100 min, becoming significantly higher than control and reaching the peak excursion observed from 20 g glucose close to 180 min.
The glycaemic impact of dietary protein has long been a topic of debate. Early researchers hypothesized that 100 g of ingested protein produced 50-80 g glucose [19] . Later, it was shown that only~10 g of glucose appeared in the circulation following ingestion of 50 g protein; equating to~1 g of glucose produced from every 5 g of protein [20] . The results of the present study are consistent with this equation, indicating that~75 and 100 g of protein alone may produce late glycaemic responses similar to that from 15 and 20 g of glucose. This is clinically relevant, given that 20 g of ingested glucose causes significant postprandial hyperglycaemia when insulin is not given [18] . However, the impact from protein is delayed and sustained; with resultant implications for insulin dosing.
Previously it has been demonstrated that the addition of 40 g of protein to standard meals resulted in increased postprandial glucose levels [11] . However, in the current study, ≤ 50 g of isolated protein did not produce a significant postprandial glucose response over the 300-min study period. Elevated glucose levels were not seen until ≥ 75 g protein was ingested.
This research highlights important clinical considerations. To our knowledge, this is the first study to document the postprandial glycaemic response to protein alone. This helps inform our understanding of the glycaemic impact of protein; providing further supporting evidence of additional insulin requirements to offset late glucose rises following highprotein meals.
Our findings are consistent with previous studies, whereby the glycaemic response to protein occurred in the late postprandial period, i.e. 3 to 5 h [8] [9] [10] [11] . This supports suggestions that insulin for protein-rich meals should ideally be administered using an extended dual-wave bolus for those using insulin pump therapy. Reduced postprandial glycaemic excursions have previously been demonstrated using this bolus function [21] [22] [23] . Further studies are needed to help define the amount of additional insulin required for protein-rich meals and importantly, how to effectively deliver these doses.
These findings also support evidence that high-protein meals may assist in preventing nocturnal hypoglycaemia [11, 24] , while also highlighting the need to consider the glycaemic impact of protein when assessing basal insulin profiles. Consumption of carbohydrate-free meals (protein/ fat only) is sometimes recommended clinically for this purpose, however, there are suggestions that skipping a meal altogether may be a more accurate method to determine basal insulin requirements [25] . Further, our findings are of relevance for those following high-protein, low-carbohydrate diets, which are increasing in popularity.
The mechanisms by which protein causes late and sustained postprandial hyperglycaemia in Type 1 diabetes are still not fully understood. It has been postulated that postprandial hyperglycaemia may be a result of increased glucagon secretion [26] . Gannon et al. [27] demonstrated this following ingestion of most proteins; however, this response was markedly attenuated by the co-ingestion of glucose. These data suggest that glucagon may play an important role in protein metabolism. The glycaemic response to protein seen in this study might, therefore, be a result of glucagon secretion. However, it is difficult to be certain of this, given that the peak glucagon rise to protein in Gannon's study was seen by 60 min (although it did decline, the effect was still present at 300 min), whereas the postprandial glucose rise following ≥ 75 g of protein in this study does not commence until after 90 min. Gluconeogenesis of amino acids has also been suggested as a possible cause of delayed postprandial hyperglycaemia from protein [9] . Further studies are needed to fully understand these mechanisms.
A potential limitation of this study was that postprandial glucose was only measured for 5 h. This was consistent with previous research; however, data from the current study show that the glycaemic excursion from the large protein loads continues until 5 h and therefore a longer study period should be considered. Furthermore, continuous glucose monitoring was unblinded; however, traces were carefully monitored for non-adherence to the protocol and these data excluded. Intraindividual variation could be a limitation, although a crossover design removed the within-participant effect controls for individual characteristics, removing sources of variability and increasing power. Lastly, the large protein loads used may not represent average protein intake. However, we chose to include these amounts to ensure that the potential impact of a range of protein loads was investigated.
In conclusion, this is the first study to demonstrate the glycaemic impact of protein alone on postprandial glycaemia in individuals with Type 1 diabetes using intensive insulin therapy. This study has shown that when protein is consumed alone, a substantially larger amount is required to have an impact on postprandial glucose than when part of a mixed meal. We have demonstrated that ingestion of ≥ 75 g of protein produced a late and sustained glycaemic excursion. These findings support the recommendation to consider dietary protein when calculating insulin doses for protein-rich meals.
